1. Introduction {#sec1-biology-09-00137}
===============

Accumulating evidence places mitochondrial dysfunction as a factor playing a central role in the pathogenesis of several chronic human diseases, including cardiovascular disease (CVD) \[[@B1-biology-09-00137]\]. Under normal conditions, mitochondria serve as cellular powerhouses responsible for ATP production, with reactive oxygen species (ROS) being generated as byproducts that are rapidly neutralized by cellular antioxidant systems. Dysfunctional mitochondria not only compromise cellular respiration and energy production, but also act as dangerous ROS generators leading to oxidative stress, and as triggers of apoptosis or cell damage and death. These processes were described as important components of the pathogenesis of atherosclerosis and associated CVD \[[@B2-biology-09-00137]\]. Vascular wall cells are especially sensitive to oxidative stress and are designed to respond to rapid changes in the environment, such as altered oxygen levels and the presence of pathogens and endogenous damaging stimuli. Moreover, vascular endothelial cells (ECs) are in close contact with circulating immune cells that initiate immune reactions, thereby affecting the vascular wall. Endothelial dysfunction and local activation of the ECs leading to recruitment of immune cells appears to be one of the earliest stages of atherosclerosis development, preceding atherosclerotic plaque formation. Mitochondria participate in all these processes, leading to their identification as an attractive possible point of therapeutic intervention \[[@B3-biology-09-00137]\].

Atherosclerosis of vital arteries, such as the aorta and the coronary arteries, is the underlying cause of the most prevalent and dangerous CVD. Despite the continuing search for novel medicines and improving healthcare, the risk of developing CVD is consistently high in developed countries. For instance, more than 4 million Europeans die every year, of which 55% are women and 45% are men, although a higher mortality rate from CVD under the age of 65 is associated with male sex. The economic costs associated with temporary and permanent disability among the working population in Europe amounted to about 106 billion euros in 2009. Therefore, atherosclerosis remains an important socioeconomic problem. Accumulating evidence shows that the disease can develop asymptomatically for a long time, affecting much younger populations than previously thought \[[@B4-biology-09-00137]\]. Given the deleterious effects and the high costs of treatment of atherosclerotic consequences, focusing on disease prevention and the improvement of diagnostic methods for early detection should be the priority of the future studies \[[@B5-biology-09-00137]\].

Several recent studies demonstrated the association between overall damage and the presence various mitochondrial DNA (mtDNA) mutations with cardiovascular disease \[[@B6-biology-09-00137],[@B7-biology-09-00137],[@B8-biology-09-00137]\]. Atherosclerosis can be characterized as multifactorial disorder associated with hyperlipidemia and chronic inflammation \[[@B9-biology-09-00137],[@B10-biology-09-00137]\]. Nonmodifiable risk factors of atherosclerosis include older age, male sex, environmental influences, and genetic factors contributing to dyslipidemia, hypertension, glucose tolerance, diabetes mellitus, and obesity. Anatomical, physiological, and metabolic (biochemical) features of atherosclerosis include dyslipidemia, arterial hypertension, obesity, and diabetes. Behavioral (modifiable) risk factors of atherosclerosis include inappropriate dietary habits, smoking, reduced physical activity, alcohol consumption, and stress. It is difficult to assess the relative contribution of each of these factors to atherosclerosis development or define their relative impact depending on the patient's age. Numerous genetic variants are associated with the pathology, with genetic susceptibility appearing to vary across human populations. It is likely that atherosclerosis development depends more on gene--gene and gene--environment interactions rather than on individual genes or factors \[[@B11-biology-09-00137]\].

The disease can affect any artery, causing profound changes and loss of functionality of the arterial wall, described as an atherosclerotic lesion. According to current understanding, the process begins with local endothelial dysfunction, characterized by increased permeability and activation of the endothelium, which starts to express adhesion molecules that facilitate the recruitment of circulating immune cells. The local inflammatory response plays a central role in atherosclerosis pathogenesis \[[@B12-biology-09-00137]\]. The emerging atherosclerotic lesion becomes accessible to circulating lipoprotein particles that penetrate the arterial wall and become internalized by cells, causing local lipid accumulation. An altered blood lipid profile is one of the earliest recognizable risk factors of atherosclerosis, as it is the low-density lipoprotein (LDL) fraction that serves as the main source of lipids accumulating in the arterial wall \[[@B13-biology-09-00137]\]. Mitochondria play a prominent role in overall lipid metabolism in the body, being the site of β-oxidation of free fatty acids \[[@B14-biology-09-00137]\]. Furthermore, they are involved in every step of atherogenesis, from local endothelial dysfunction to the formation of unstable plaques \[[@B15-biology-09-00137]\].

The deleterious effects of mitochondrial dysfunction are not limited to atherosclerotic plaque development in the vascular wall but can be expanded to other parts of the cardiovascular system. Cardiomyocytes characterized by high energy consumption that are tightly dependent on correct mitochondrial functioning appear to be especially sensitive to aberrations of the mitochondrial turnover process \[[@B16-biology-09-00137]\]. Deficient biogenesis of mitochondria was also shown to be associated with endoplasmic reticulum (ER) stress involved in the pathogenesis of abdominal aortic aneurysm \[[@B17-biology-09-00137]\]. In this review, we discuss the emerging role of mitochondria in the pathogenesis of cardiovascular diseases, the significance of mtDNA mutations as potential diagnostic markers, and the potential use of mitochondria as therapeutic targets.

2. Mechanisms of Mitochondrial Dysfunction {#sec2-biology-09-00137}
==========================================

Accumulating evidence is revealing novel links between mitochondrial dysfunction and CVD pathogenesis. In order to better understand the mechanisms of this interplay, it is important to outline the main pathways of mitochondrial damage, which involve genetic factors (mtDNA damage), incorrect functioning of the respiratory chain, and impairment of mitochondrial turnover. Mitochondria possess circular genomes resembling bacterial chromosomes \[[@B18-biology-09-00137]\]. The double-stranded, circular mtDNA is around 16.5 thousand nucleotides long and is maintained by mitochondrial enzymes that perform synthesis and repair. The mitochondrial genome encodes 37 genes, including those that are necessary for energy production in the mitochondrial respiratory chain, including 13 structural genes encoding subunits of oxidative phosphorylation complexes, 22 transport RNAs (tRNAs), and 2 ribosomal RNAs (rRNAs) \[[@B19-biology-09-00137]\]. Like bacterial chromosomes, mtDNA exist in several copies inside one organelle. The mutations occurring in mtDNA can therefore be homoplasmic, where all mtDNA copies are identical, or heteroplasmic, where only some mtDNA copies carry a certain mutation \[[@B20-biology-09-00137]\]. Mitochondrial mutations can accumulate during the life of an individual, forming a carrier phenotype. Many mtDNA mutations were shown to be associated with human disorders, including CVD, which is discussed in detail below. The impact and distribution of mitochondrial mutations vary widely and depend on several factors, with heteroplasmy playing a major role \[[@B21-biology-09-00137]\].

Mitochondria are potent regulators of apoptosis, since mitochondrial damage and loss of mitochondrial membrane integrity leads to the release of apoptotic factors and caspase activation \[[@B22-biology-09-00137]\]. Moreover, mitochondria participate in maintaining Ca^2+^ homeostasis. Transfer of Ca^2+^ from the ER, which serves as primary cellular Ca^2+^ reservoir, can lead to mitochondrial dysfunction and fragmentation of the organelle \[[@B23-biology-09-00137]\]. Functioning of the mitochondria and the ER are tightly linked in the cell. Perturbations of mitochondrial lipid metabolism can activate the unfolded protein response (UPR) and ER stress \[[@B24-biology-09-00137]\]. Notably, CVD risk factors such as hyperlipidemia and exposure to modified LDL (oxLDL) are among the known triggers of mitochondrial dysfunction \[[@B25-biology-09-00137]\].

ATP synthesis in the mitochondria includes the following stages: Conversion of pyruvate and fatty acids received from the cytoplasm into acetyl-CoA, oxidation of acetyl-CoA in the Krebs cycle, leading to the formation of nicotine amide adenine dinucleotide (NADH), electron transfer from NADH to oxygen through the respiratory chain, and ATP synthesis by the membrane ATP synthetase complex \[[@B26-biology-09-00137]\]. Oxidative phosphorylation accompanying ATP production also acts as an endogenous source of ROS. Regulatory effects of ROS in the cell include inactivation of the Fe-S centers of the enzymatic complexes responsible for oxidative phosphorylation and the tricarboxylic acid cycle enzyme aconitase, leading to a reduction in ATP production. However, long-term exposure to ROS or excessive ROS generation can lead to oxidative damage to proteins, lipids, and nucleic acids \[[@B27-biology-09-00137]\]. Oxidative stress associated with excessive ROS formation is an important component of atherosclerosis pathogenesis, as explained further \[[@B2-biology-09-00137]\]. The effects of ROS are currently recognized as major drivers of mtDNA mutagenesis, which leads to accumulation of multiple mutations, a decrease in the rate of oxidative phosphorylation, and an even greater accumulation of ROS, thereby forming a vicious circle. However, ROS-induced damage is not the only driver of mtDNA mutagenesis. Replication errors introduced by mitochondrial DNA polymerase γ (POLG) make up another major source of mutations \[[@B28-biology-09-00137]\]. Moreover, the mitochondrial DNA repair system is far less efficient than the nuclear system. Unlike nuclear DNA, mtDNA is not protected by histone packaging, thereby further contributing to mutagenesis resulting from DNA damage. Instead, mtDNA is associated with a number of proteins that help maintain its function and offer some level of protection \[[@B29-biology-09-00137]\]. Taken together, the abovementioned features of mtDNA contribute to the much higher mutation rate observed in comparison to nuclear DNA \[[@B30-biology-09-00137]\]. Thus, the balance of mitochondrial oxidizing agents is a key regulator of cell life and controller of mtDNA mutation accumulation \[[@B31-biology-09-00137]\].

The process of mitochondrial biogenesis and turnover ensures the correct distribution of mitochondria between dividing cells and maintenance of the mitochondrial population within the cell, corresponding to current energy demand. Moreover, mitochondrial turnover allows for the removal of dysfunctional and damaged organelles and replacement with functional ones. In brief, mitochondria undergo cycles of fission and fusion, during which dysfunctional parts of the organelles can be cut off into small spherical fragments that are subsequently degraded by mitophagy. Unaffected parts of the mitochondria fuse with each other, forming elongated, functional organelles \[[@B32-biology-09-00137]\]. The main proteins responsible for mitochondrial fission are dynamin-related protein 1 (Drp-1) and mitochondrial fission protein 1 (Fis-1). Mitochondrial fusion is mediated by mitofusins 1 and 2 (Mfn-1 and 2) and optic atrophy 1 (Opa-1). The activity of these proteins is regulated by several pathways, such as ubiquitination and sumoylation. Imbalance between the activities of these groups of proteins leads to deficient or excessive fragmentation of the mitochondria and impaired mitophagy, and was shown to be involved in the development of different human pathologies \[[@B33-biology-09-00137]\]. Disruption of mitochondrial turnover promotes cell damage and apoptosis. Disturbances of mitochondrial turnover were demonstrated in several CVD, including atherosclerosis, reperfusion injury, cardiomyopathy, and cardiac hypertrophy \[[@B16-biology-09-00137]\]. The processes of mitochondrial turnover and apoptotic cell death could be explored for the development of potential new therapies \[[@B34-biology-09-00137]\]. It is important to understand why mtDNA mutations, both heteroplasmic and homoplasmic, persist in cells and tissues despite the functioning processes of mitochondrial turnover. At least three hypothetical explanations are suggested. First, the fusion/fission system becomes overloaded and loses functionality. Second, mitophagy is inhibited in cells suffering from mitochondrial dysfunction, even though fission/fusion processes are intact. Finally, in affected cells, the process of mtDNA replication followed by division of organelles is launched as a primary response to ATP pool depletion. In this case, both mutant and normal mtDNA molecules would be replicated, thus sustaining the proportion of heteroplasmic and homoplasmic variants, although it is not known whether their replication rates are similar. Experimental testing of the above hypotheses is needed to bring clarity to this question. Although it is still too early to evaluate the possible clinical use of mitochondrial fission and fusion regulation, some encouraging results are starting to appear; for instance, a recent study in a mouse model employed the pharmacological mitochondria fission inhibitor mdivi1, as well as genetic inhibition of fission through down-regulation of Drp-1, to alleviate abdominal aortic aneurysm \[[@B35-biology-09-00137]\].

To date, several severe human pathologies have been identified as being dependent on mitochondrial dysfunction caused by certain mtDNA, as well as nuclear DNA mutations. These so-called mitochondrial diseases constitute a large, heterogeneous group of hereditary diseases associated with alterations in mitochondrial structure and functioning and deficiency of respiratory processes in tissues \[[@B1-biology-09-00137]\]. The range of clinical manifestations of mitochondrial diseases varies from moderate subclinical to severe symptoms that can reduce life expectancy. Moreover, mitochondrial diseases are among the most common neurogenic illnesses. The most studied mitochondrial diseases caused by mutations in both nuclear DNA and mtDNA include Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like episodes (MELAS syndrome), Myoclonic epilepsy with ragged-red fibers or Cushing's syndrome (MERRF syndrome), Kearns--Seir Syndrome (KSS), Bart syndrome, Leber's Hereditary Optic Neuropathy (LHON), Chronic Progressive External Ophthalmoplegia (CPEO), Mitochondrial Myopathy (MM), and Pearson syndrome, among others. The study of mitochondrial diseases is a rapidly developing research area, but effective treatments for them still remain to be found. One of the challenges in the development of such therapies is the necessity for targeted delivery of active agents to affected mitochondria \[[@B36-biology-09-00137]\].

3. Mitochondrial Dysfunction and Oxidative Stress in Atherogenic Processes {#sec3-biology-09-00137}
==========================================================================

Mitochondrial dysfunction is believed to be associated with numerous cardiac diseases, such as atherosclerosis, ischemia--reperfusion injury, heart failure, and hypertension, presumably due to insufficient cellular energy production and uncontrolled production of ROS. Being a crucial phenotypic characteristic of mitochondrial dysfunction, mtDNA damage also plays an important role. Mitochondrial dysfunction is characterized, among other features, by the absence or dysfunction of mitochondrial enzymes, impaired mitochondrial biogenesis, decreased numbers of mitochondria in tissues, stimulation of apoptosis and inflammation, stimulation of fibrosis and cardiac remodeling, and impairment of sarcomere protein function \[[@B37-biology-09-00137],[@B38-biology-09-00137]\]. All of these impairments are potential mechanistic factors for ischemic heart disease and heart failure development, both in terms of pathogenesis and progression. However, their implications in disease pathogenesis need to be further confirmed by clinical and experimental data.

Oxidative stress, which is closely associated with mitochondrial dysfunction, is recognized as one of the factors of atherosclerosis initiation and progression. The signaling role of ROS is prominent in vascular system cells, such as ECs, vascular smooth muscular cells (VSMCs), and fibroblasts \[[@B39-biology-09-00137]\]. At low concentrations, ROS are involved in vascular signaling processes and regulate the activity of mediating proteins, enzymes, and ion channels in ECs. Exposure to stress conditions, such as shear stress or the presence of vasoactive factors, results in increased ROS generation in ECs and VSMCs. Importantly, known atherosclerosis risk factors, such as hyperlipidemia, smoking, and hypertension, are also potent inducers of ROS in vascular tissues ([Table 1](#biology-09-00137-t001){ref-type="table"}) \[[@B8-biology-09-00137],[@B40-biology-09-00137],[@B41-biology-09-00137]\].

It was demonstrated that elevated LDL and the presence of atherogenic forms of LDL, for instance, due to oxidation modification, can cause mitochondrial damage \[[@B25-biology-09-00137]\]. Macrophage overload with free cholesterol was associated with pronounced mitochondrial dysfunction and triggering of apoptosis \[[@B42-biology-09-00137]\]. Decreases transmembrane potential of mitochondria and activation of the mitochondrial apoptosis pathway could be assumed to contribute to this effect. OxLDL induces increased mitochondrial ROS production in ECs associated with apoptosis by activating mitochondrial complex II and NADH oxidase \[[@B43-biology-09-00137]\]. Moreover, besides ECs, this process was described in all cell types involved in atherosclerosis, i.e., VSMCs, macrophages, and T-lymphocytes \[[@B44-biology-09-00137]\].

Hypertension, another well-known risk factor of atherosclerosis, is associated with endothelial dysfunction and oxidative stress \[[@B46-biology-09-00137]\]. Moreover, hypertension is associated with the malfunction of mitochondrial ATP synthase in cardiomyocytes. In addition, mitochondrial Ca^2+^ overload significantly contributes to the development of hypertension \[[@B47-biology-09-00137]\].

Cigarette smoking significantly increases the risk of early atherosclerosis. In addition to endothelial damage, platelet activation, and LDL cholesterol oxidation, the atherogenic effects of smoking are also mediated by oxidative damage to mtDNA with the appearance of mtDNA deletions and loss of mitochondrial membrane potential \[[@B45-biology-09-00137]\].

In the endothelium, stress factors can lead to uncoupling of endothelial NO synthase (eNOS), which is the main producer of nitric oxide (NO), leading to generation of the superoxide anion in place of NO and resulting in increased ROS production in ECs and VSMCs. Experimental studies showed that oxidative damage caused by mitochondria is the mechanism underlying the development of age-associated endothelial dysfunction. Mitochondria-targeting antioxidants, such as MitoQ, appear to be promising for the preservation of vascular endothelial function with age and the prevention of CVD development \[[@B48-biology-09-00137]\]. Studies in mice demonstrated that deficiency of superoxide dismutase results in mtDNA damage and accelerates the development of atherosclerosis. High levels of ROS were detected in macrophages and smooth muscle cells in the atherosclerotic plaques of model animals, thereby providing evidence that oxidative DNA damage and repair increase significantly in atherosclerotic plaques \[[@B49-biology-09-00137]\].

Excessive ROS production is recognized as a key mechanism by which mitochondria are involved in the development of CVD, such as coronary heart disease, cardiomyopathy, ischemia--reperfusion-associated damage, heart failure, and arrhythmia. ROS can react with cell components such as polyunsaturated fatty acids, proteins, nucleic acids, and carbohydrates, violating the normal properties of cell membranes (such as efficient ion transport), changing enzyme activity, and interfering with protein synthesis and transport. Together, these alterations can lead to profound cellular stress and apoptosis. Under conditions of mitochondrial dysfunction, excessive production of reactive oxygen and nitrogen species contributes to inflammatory vascular reactions, leading to the development of atherosclerotic lesions \[[@B50-biology-09-00137]\]. Active forms of oxygen and nitrogen play important roles in atherogenesis by promoting EC dysfunction and apoptosis, activating matrix metalloproteinases, VSMC growth and intima migration, expressing adhesion molecules, and LDL oxidation \[[@B35-biology-09-00137]\]. During advanced stages of the disease, apoptosis of VSMCs, induced in part by oxidative stress, is potentially involved in plaque instability and rupture \[[@B51-biology-09-00137]\]. Other known risk factors of coronary heart disease were shown to be associated with increased ROS production \[[@B52-biology-09-00137]\].

Hyperglycemia is an important factor in cardiovascular system damage, previously shown to promote mitochondrial dysfunction and ER stress. ROS generated as a result of these changes can directly damage lipids, proteins, or DNA and modulate intracellular signaling pathways, such as mitogen-activated protein kinases and redox-sensitive transcription factors, causing changes in protein expression and, therefore, irreversible oxidative modifications. Such conditions can form in case of poorly managed diabetes mellitus, which is a well-known risk factor of CVD \[[@B39-biology-09-00137]\].

Evidence accumulated so far positions mitochondrial dysfunction centrally regarding the pathogenesis of CVD. It is possible that mitochondria provide a unifying link explaining the atherogenic effect of different CVD risk factors. Targeting mitochondrial dysfunction for treatment of CVD became a rapidly developing research direction over recent years, with both alleviation of mitochondrial oxidative stress and the influence of signaling pathways currently being explored \[[@B48-biology-09-00137]\]. For instance, a protective role of dissociating protein 2 (UCP2) against mitochondrial ROS-induced endothelial dysfunction was revealed. Activation of transient receptor potential of vanilloid 1 (TRPV1), an ion channel that responds to elevated temperature involved in pain sensation, alleviated vascular dysfunction through the UCP2 protein kinase pathway. Administration of capsaicin, a ligand that activates TRPV1, to model mice kept on a high-fat diet improved animal survival and had a positive effect on coronary function, which was dependent on intact expression of both the TRPV1 and UCP2 genes \[[@B53-biology-09-00137]\].

4. Mitochondrial DNA Mutations Associated with Cardiovascular Pathologies {#sec4-biology-09-00137}
=========================================================================

Mitochondrial mutations can occur both in somatic and germline cells \[[@B54-biology-09-00137]\]. Mutations in somatic cells lead to a decrease in energy production, and mutations that occur in germline cells can be transmitted to following generations and lead to the development of several hereditary human diseases, including atherosclerosis. MtDNA is inherited through the maternal line. Women that carry deleterious mtDNA mutations can therefore transfer them to their children. Somatic mutations occur in the mitochondrial genome throughout the life of an individual and are transferred along a cell line in the body \[[@B55-biology-09-00137]\]. The effects of different mtDNA mutations may vary significantly depending on the nature of the affected gene and the level of heteroplasmy. Certain mtDNA mutations manifest themselves only when the level of heteroplasmy reaches a certain value, which is followed by a disruption of mitochondrial function and cellular energy deficiency and damage. Cells and tissues with naturally high energy consumption, such as cardiomyocytes, appear to be more sensitive to deleterious mtDNA mutations. The heteroplasmy level of mtDNA mutations determines the severity of mitochondrial disease such as atherosclerosis, which is known as the "threshold effect" \[[@B56-biology-09-00137]\].

Accumulation of mtDNA mutations may be reflected by alterations in mitochondrial structure and function that can be observed microscopically. The presence of such altered mitochondria is demonstrated in atherosclerotic lesions. Moreover, the distribution of ECs with dysfunctional mitochondria in blood vessel endothelia may at least partially explain the focal appearance of atherosclerotic lesions. This hypothesis was tested in a study that compared intact aortic intima areas and lipofibrous plaques obtained from 12 postmortem aorta samples to identify the average level of several heteroplasmic mtDNA mutations, including m.1555A\>G, m.3256C\>T, m.12315G\>A, m.14459G\>A, and m.15059G\>A. It was shown that four mutations in the mitochondrial genome (m.1555A\>G within the MT-RNR1 gene, m.3256C\>T in the MT-TL1 gene, m.12315G\>A in the MT-TL2 gene, and m.15059G\>A in the MT-CYB gene) were more prevalent in lipofibrous plaques compared to unaffected aortic intima, thereby confirming the likely role of these mutations in atherosclerosis development \[[@B57-biology-09-00137]\].

Another study employed parallel sequencing of mtDNA from myocardial tissues of patients with coronary artery disease and compared them to samples obtained from control individuals. The results showed that in patients with coronary artery disease, the level of mtDNA heteroplasmy was 39.8% higher than in control myocardial tissues. The study also found that the total number of heteroplasmic mtDNA deletions in patients with coronary artery disease was 87% higher compared to the control. A similar trend was observed regarding single nucleotide variants in mtDNA. Tissues from patients with ischemic heart disease were found to contain increased levels of heteroplasmic mtDNA variants at 41.4% higher than control levels, with increased mtDNA heteroplasmic deletions, as high as 87.50%, and increased in heteroplasmic variants of single nucleotide mtDNA, as high as 48.76% \[[@B58-biology-09-00137]\]. These observations indicate the increased somatic mutagenesis and accumulation of mtDNA mutations in atherosclerotic plaques compared to unaffected tissues.

A study conducted in 2010 explored the relationship of single nucleotide polymorphisms (SNPs) with the lysyl oxidase-like 1 (LOXL1) gene with pseudoexfoliation glaucoma (PEG) using LOXL1 coding region sequencing techniques \[[@B59-biology-09-00137]\]. The authors evaluated the role of product variants of m.16169T\>C and various mtDNA haplogroups as risk factors for the development of ischemic heart disease. The study included 669 individuals from Saudi Arabia with angiographically confirmed atherosclerosis and 258 control individuals. In this population, carriage of the m.16189C minor allele was associated with an increased risk of atherosclerosis (1.524 (1.076--2.159), *p* = 0.017), although this association was influenced by other factors, such as age, history of myocardial infarction, and hypertension. Among haplogroups, only N1c showed a protective connection with coronary heart disease as an independent factor. This association was significant in the total sample (0.176 (0.042--0.736), *p* = 0.017) and in the age group \<50 years (0.075 (0.008--0.743), *p* = 0.027), demonstrating that mtDNA polymorphisms contribute to the risk of atherosclerosis, depending on factors such as history of myocardial infarction, hypertension, and age.

The role of a large deletion in mtDNA affecting 4977 base pairs (ΔmtDNA (4977)) was explored by several studies. The deletion was detected in different cells, where it led to mitochondrial dysfunction. The ΔmtDNA (4977) affects several genes, including ND5, ND4, ND4L, ND3, and COXIII, as well as ATPase genes 6 and 8 and tRNA genes. As a result, seven polypeptide components of the respiratory chain and 5 of the 22 tRNAs are affected \[[@B60-biology-09-00137]\]. In patients with mitochondrial diseases, the overall copy number of ΔmtDNA (4977) and the proportion of mitochondrial genome bearing the deletion in circulating leukocytes was found to increase with age and correlated with symptom severity \[[@B60-biology-09-00137]\]. Recent studies of mutagenesis and mtDNA damage in atherosclerotic lesions provided evidence of somatic mtDNA mutation involvement in atherogenesis \[[@B61-biology-09-00137]\].

Several studies showed a link between mitochondrial SNPs (mtSNPs) and conditions such as myocardial infarction, atherothrombotic brain infarction, and diabetes. The contribution of mtSNPs to the development of acute CVD and atherosclerosis was demonstrated in a study conducted in Japan on human autopsy material \[[@B62-biology-09-00137]\]. The study included 1536 autopsy cases (827 men and 709 women) with an average age of 80 years. The authors investigated 149 mtSNPs using the PCR--Lumine method and accounted for age-related and normal cardiovascular risk factors using the logistic regression method, resulting in the identification of 36 haplogroups of interest. Among the 10 haplogroups with frequencies of \>0.04, haplogroups A and M7a were found to be significantly associated with coronary atherosclerosis, with odds ratios (95% confidence intervals) of 1.80 (1.09--2.97; *p* = 0.023) and 1.92 (1.23--3.01; *p* = 0.004), respectively. Haplogroup D4a, which was previously reported to be associated with an extremely long lifespan in the Japanese population, was associated with pathological myocardial infarction in men, with an odds ratio of 2.05 (1.01--4.14; *p* = 0.046). This study demonstrated that mitochondrial haplogroups A and M7a are associated with a significant risk of developing coronary atherosclerosis in the Japanese population.

Another study aimed to establish the relationship between the development of early myocardial infarction (at 55 years of age) with angiographically shown coronary atherosclerosis \[[@B44-biology-09-00137]\]. The authors concluded that haplogroup H was associated with the early onset of myocardial infarction, but only among male smokers. This work confirmed the contribution of mtDNA polymorphisms to risk of atherosclerosis and ischemic events. The authors concluded that abnormalities of apoptosis contribute to lipid core formation in atherogenesis and depletion of VSMCs.

Population-specific mtDNA polymorphisms, especially when associated with changes in amino acid sequences of proteins, RNA structure, or regulatory sites in mitochondrial genomes, were also associated with CVD. For example, a study in an Iranian population showed that the m.750A\>G polymorphism was 1.6 times more frequent in patients with coronary heart disease and was associated with increased risk of coronary heart disease development (OS = 1.6, 95% CI (0.24--3.01), *p* = 0.02) \[[@B63-biology-09-00137]\].

Several studies evaluated the possible relationships between mtDNA mutations and ion channel function deficiency. Such a link would connect mitochondrial dysfunction with arterial hypertension, one of the major risk factors of atherosclerosis. For instance, the mitochondrial m.4263A\>G mutation in the tRNA-Ile gene was identified in a family with maternally inherited hypertension. This mutation could contribute to the impairment of mitochondrial Ca^2+^ homeostasis and transport through voltage-dependent anion channels \[[@B64-biology-09-00137]\]. Further investigations regarding the underlying mechanisms showed that the m.4263A\>G mutation was associated with deficient mitochondrial Ca^2+^ uptake and cytoplasmic Ca^2+^ overload \[[@B65-biology-09-00137]\]. Moreover, several heteroplasmic and homoplasmic mutations were found in the mitochondrial COXII, ATP8, ATP6, ND1, tRNA-Lys, and tRNA-Gln genes, showing a statistical association with the risk of maternally inherited essential hypertension. Among the identified mtDNA mutations, the highest frequencies were detected for m.3970C\>T, m.4048G\>A, m.4071C\>T, m.4086C\>T, m.4164A\>G, m.4248T\>C, m.4386T\>C, m.4394C\>T, m.8414C\>T, m.8701A\>G, and m.8584G\>A mtDNA variants and ΔmtDNA (8273_8281) deletion. The most affected genes appeared to be ND1 and ATP6 \[[@B66-biology-09-00137],[@B67-biology-09-00137]\]. However, the precise mechanisms of the deleterious effect of mtDNA mutations on mitochondrial ion channels and cellular Ca^2+^ homeostasis remain unclear.

As many as 17 mtDNA mutations were found to be spread over genes encoding six tRNA, 12S rRNA subunits, and genes II and V of the NADH dehydrogenase subunits, which were reported to be associated with ischemic heart disease ([Table 2](#biology-09-00137-t002){ref-type="table"}) \[[@B68-biology-09-00137],[@B69-biology-09-00137],[@B70-biology-09-00137],[@B71-biology-09-00137],[@B72-biology-09-00137]\]. MtDNA mutations found in diseases such as nonfamilial forms of dilated and hypertrophic cardiomyopathy, MELAS syndrome, mitochondrial myopathy, and maternally inherited diabetes and deafness (MIDD) syndrome were also found to occur in coronary artery disease \[[@B73-biology-09-00137]\].

A study conducted in Russia on human autopsy material measured the heteroplasmy level of the mutation m.14459G\>A in samples isolated from areas of the aortic intima either affected or unaffected by atherosclerosis. The areas contained different types of atherosclerotic lesions of human aortic intima, namely, fatty streaks and lipofibrous and fibrous plaques, compared to unaffected areas taken from the same autopsy samples. This study revealed that the levels of heteroplasmy of this mutation were significantly higher in the affected areas. Mutation m.G14459A causes a defect in the sixth protein subunit of the mitochondrial respiratory chain enzyme, leading to NADH dehydrogenase dysfunction. The association of this mutation with atherosclerotic lesions is possibly due to the fact that a decrease in the number of normally functioning enzymes in mitochondria leads to oxidative damage in human vascular intima cells. Four other mutations (m.3256C\>T, m.12315G\>A, m.13513G\>A, and m.15059G\>A) were shown to be closely associated with the risk of CVD \[[@B74-biology-09-00137]\]. The described study only revealed associations between the mutational load of mtDNA and presence and severity of atherosclerotic lesions; it did not discuss measurements of mitochondrial function and/or turnover. Furthermore, it remains unclear whether the described mtDNA mutations increase predisposition to atherosclerosis development. Increased mtDNA mutational burden may potentially cause cellular function disruption and formation of oxidative stress conditions at the local level. If mtDNA heteroplasmy is enriched in circulating monocytes/macrophages that are recruited to the lesion site and dwell there \[[@B75-biology-09-00137]\], the risk of mitochondrial dysfunction and oxidative stress in these sites may be increased. Selective accumulation at the lesion site of cells bearing mtDNA mutations associated with pathology is also possible. Increased mtDNA heteroplasmy of mutations with low minor allele frequencies in the arterial intima affected by atherosclerosis was demonstrated in a recent study \[[@B76-biology-09-00137]\], which supported the observation that the accumulation of mtDNA mutations is associated with atherosclerotic lesion development, but did not elucidate the mechanistic role of the detected mtDNA mutations or establish causative links. More studies are needed to clarify these questions.

The list of mtDNA mutations associated with cardiovascular diseases in humans is growing. The presence of some of these mutations could be used as predictors of subclinical atherosclerosis and may help disease tracking during early subclinical stages. Moreover, establishing the functional connections between mtDNA mutations and the pathophysiological features of atherosclerosis may help in the development of novel disease therapies.

5. Conclusions {#sec5-biology-09-00137}
==============

Studies regarding mitochondrial genome polymorphisms comprise a rapidly developing research field. Novel associations between mtDNA variants and certain human pathologies are being revealed each year. Cells of the cardiovascular system are characterized by high energy consumption and are strongly dependent on correct mitochondrial function, therefore, it is no surprise that many of the identified mtDNA mutations that disrupt mitochondrial function are associated with cardiovascular diseases. Some of these associations were found to be strong enough to make the diagnostic use of mtDNA mutations possible. Future studies are needed to translate the accumulated knowledge regarding CVD-associated mtDNA mutations into novel therapies for atherosclerosis and related diseases. One direction for such therapies could be the selective targeting of mitochondrial oxidative stress, with correction of mitochondrial dynamics also appearing to be promising. To date, however, mitochondria-targeting therapies for cardiovascular diseases are not being tested clinically and require more preliminary studies to allow this possibility.
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###### 

Risk factors of cardiovascular disease and mitochondrial dysfunction.

  Risk Factor                                         Effects on the Mitochondria                                                                                       Implications in Pathogenesis                         References
  --------------------------------------------------- ----------------------------------------------------------------------------------------------------------------- ---------------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------
  Vasoactive agents, shear stress                     Mitochondrial dysfunction, oxidative stress in VSMCs and ECs, vascular inflammation                               Atherosclerosis                                      \[[@B39-biology-09-00137],[@B40-biology-09-00137],[@B41-biology-09-00137]\]
  Vasoactive agents, factors promoting hypertension   Mitochondrial dysfunction in the ECs and cardiomyocytes, impaired ATP production, mitochondrial Ca^2+^ overload   Hypertension aggravation                             \[[@B39-biology-09-00137],[@B40-biology-09-00137]\]
  Hyperlipidemia, hyperglycemia, oxLDL                Mitochondrial dysfunction, oxidative stress and impaired mitophagy in multiple cell types                         Diabetes mellitus, atherosclerosis and various CVD   \[[@B25-biology-09-00137],[@B39-biology-09-00137],[@B42-biology-09-00137],[@B43-biology-09-00137],[@B44-biology-09-00137]\]
  Smoking                                             Mitochondrial dysfunction, oxidative stress in various vascular cell types, chronic inflammation                  Atherosclerosis and various CVD                      \[[@B45-biology-09-00137]\]

CVD, cardiovascular disease; ECs, endothelial cells; oxLDL, oxidized lox-density lipoprotein; VSMCs, vascular smooth muscular cells.
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###### 

Mitochondrial mutations associated with cardiovascular disease (CVD) in humans.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Mutation(s)                        Location                                                                         Effect
  ---------------------------------- -------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------
  m.3243A\>G\                        Nucleotide substitutions in the tRNA--Leu gene (UUR recognition codon)           Deficiency of tRNA-Leu, impaired protein synthesis
  m.3256C\>T\                                                                                                         
  m.3260A\>G                                                                                                          

  m.4269A\>G m.4300A\>G m.4317A\>G   Nucleotide substitutions in the tRNA--Ile gene                                   Deficiency of tRNA-Ile, impaired protein synthesis

  m.4833A\>G                         Subunit 2 of NADH dehydrogenase gene                                             Defect in protein chain 2 of NADH dehydrogenase, impaired enzyme function

  m.8296A\>G m.8363G\>A              Nucleotide substitutions in the tRNA--Lys gene                                   Deficiency of tRNA--Lys, impaired protein synthesis

  m.1624C\>T                         Nucleotide substitution in the tRNA--Val gene                                    Changes in secondary structure and dysfunction of tRNA--Val, decrease associated with hypertrophic cardiomyopathy

  m.1541G\>A m.1555A\>G              Nucleotide substitutions in the 12S rRNA gene                                    Impaired ribosome function, reduced protein synthesis

  m.13513G\>A                        Subunit 5 of NADH dehydrogenase gene                                             NADH-dehydrogenase deficiency

  m.12192G\>A                        Nucleotide substitutions in the tRNA--His gene                                   Deficiency of tRNA--His, impaired protein synthesis shown to be associated with dilated cardiomyopathy

  m.9997T\>C                         Nucleotide substitutions in the tRNA--Gly gene                                   Deficiency of tRNA-Gly, impaired protein synthesis

  m.12297T\>C\                       Nucleotide substitutions located in the tRNA--Leu gene (recognition codon CUN)   Deficiency of tRNA--Leu. m.12315G\>A destroys the highly conserved G--C bases in the TψC stem of the tRNA molecule
  m.12315G\>A                                                                                                         
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
